INTRODUCTION
Cyanase catalyzes bicarbonate-dependent decomposition of cyanate to bicarbonate and ammonia [1-51. Cyanase activity has been reported to occur in plants [6, 7] and in some species of bacteria, including about 60~g of the naturally occurring strains of Escherichia coli [3, 8, 9] . Recently, cyanase activity similar to that in E. coil has been found in Pseudomonas fluorescens NC1B 11764. This strain is capable of utilizing cyanide as a sole source of nitrogen for growth and cyanate has been proposed as a possible intermediate in the metabolism of cyanide [10, 11] . Kunz and Nagappan [11] have shown that cyanate induces cyanase in this Pseudomonas strain and that cyanate can also serve as the sole source of nitrogen for growth.
The physiological role of cyanase in E. coli has not been definitively established. Cyanate reacts with various nucleophilic groups in proteins [12] . Many enzymes have been reported to be inhibited by cyanate, in some cases quite specifically [13] [14] [15] . Carbamoyl phosphate synthetas¢ is specifically and reversibly inhibited by low concentrations of cyanate as the result of carbamoylation of 0168-6445/90/$03.50 © 1990 Federation of European Microbiological Societies the essential SH group involved in amide group transfer [16, 17] . Cyanate is not a metabolite in any known metabolic pathway (with the possible exception of cyanide metabolism, as noted above). However, cyanate does occur naturally as the result of dissociation of urea [9, [18] [19] [20] , decomposition of carbamoyl phosphate [21, 22] , and in recent times photodecomposition of cyanide in waste effluents [23] . Cyanate is toxic to E. coli, but can serve as a sole source of nutrient nitrogen for growth under some circumstances [9, 24] . Recent studies on the properties of cyanase and its expression in E. coli have established a foundation of information that wil! be helpful in understanding the metabolism of cyanate. The results are summarized and discussed below.
CYANASE GENE IS ENCODED AS PART OF A THREE-GENE OPERON
In E. coli cyanase is not constitutive, but is induced by the presence of cyanate in the growth media [1, 2, 9, 24] . The gene for cyanase is encoded as part of a three-eerie operon named the cyn operon [24] [25] [26] [27] . Each of the three genes of the cyn operon (cynT, cynS, and cynX coding for permease for cyanate, cyanase and a protein of unknown function, respectively) as well as the regulatory gene, cynR, have been cloned, sequenced and over-expressed [25] [26] [27] Sung and Fuchs, unpublished] . The structure of the cyn operon is illustrated in Fig. 1 (1500 nucleotides) terminates at tl within the coding region of cynX. The longer one (2500 nucleotides) terminates at t2 and contains a terminal sequence of 98 nucleotides complimentary to lac mRNA produced by the predominant lac termination sequence. The direction of transcription of the cyn operon is opposite to that of the lac operon. Thus, the cyn and lac operons are closely linked; indeed, their 3' ends overlap by 98 base pairs! Ouilloton and Karst [9] have also reported that the cyanase gene is localized very close to lac, and have proposed the alternative symbol cnt for the locus including the cyanase gene.
The cynR gene encoding the regulatory protein is located just upstream of the cyn operon; the direction of cynR transcription is opposite that of the cyn operon and the coding regions are separated by an intergenic region of only 108 base pairs (Sung and Fuchs, unpublished) . The regulatory protein positively controls the cyn operon and at the same time autoregulates its own synthesis (Sung and Fuchs, unpublished) . CynR regulates expression of the c)'n operon by a mechanism that appears to exactly parallel that by which lysR regulates expression of iysA, which encodes diaminopimelate deearboxylase [28] , and the predicted amino acid sequences of cynR and iysR proteins have a high degree of homology. CynR and lysR and their adjacent regulation regions may have arisen from a corm'non ancestral gene with ~ubseauent gene duplication and divergence (Sung and Fuchs, unpublished).
PROPERTIES OF PRODUCTS OF THE CYN OPERON
Except for cyanase, little is known about the properties of the products of the cyn operon or cynR. The product of cynR (repressor protein) is a dimer of two identical subunits (Sung and Fuchs, unpublished) . The product of cynT (permease) is an unusually 'polar' protein for a permease; hydropathy profile analysis of the predicted amino acid sequence indicates that potential membranespanning segments, which might have been expected by analogy to other permeases, appear to be absent [27] . Permease-dependent uptake of [14C]cyanate by E. coil cello is inhibited by uncouplers of oxidative phosphorylation and by low temperature, indicating that permease activity is energy-dependent; uptake follows MichaelisMenten kinetics (Kin ~ 0.4 mM) with significant substrate inhibition above 0.7 mM [26] . Unlike the permease, the product of cynX appears to be an extremely hydrophobic protein [27] . These observations suggest that the permeate may be bound to the membrane as a peripheral protein involving protein X as an integral protein.
Cyanase has been purified and characterized in some detail [4, [29] [30] [31] [32] [33] [34] [35] . The enzyme is an octamer of eight identical subunits. The purified enzyme crystallizes with a unit cell composition of sixteen subunits (dimer of octamer). Reaction with certain SH reagents results in an active octameric derivative that dissociates reversibly to inactive dimer when diluted or when the temperature is lowered. Octameric structure, but not the one free SH group per subunit, is required for activity. Renamration of fully denatured cyanase to active octamer is facifitated by the presence of bicarbonate. Kinetic and isotope labeling studies have shown that bicarbonate is a substrate and that bicarbonate reacts with cyanate to give a dianion intermediate, which decarboxylates to CO 2 and carbamate. Thus, current classification of cyanase as a cyanate hydrolase (EC 3.5.5.3) is incorrect. Small dianions such as oxaiate, which are analogs of the proposed dianion intermediate, are potent inhibitors of cyanase activity. Binding studies have shown a stoichiometry of one binding site per two subunits for oxalate, chloride (analog of cyanate), and bicarbonate. The requirement of octameric structure for activity and the observation of apparent 'half-site-binding' suggest that the active site may result from juxtaposltioning of binding sites from two adjacent subunits in the octamer. The involvement of bicarbonate as a substrate for cyanase seems unusual --is there an evolutionary advantage to this mechanism rather than direct reaction of cyanate with water? A number of enzymes are known to be 'activated' by bicarbonate, and it has been suggested that interactions with bicarbonate may play a significant role in many enzyme systems [36] [37] [38] [39] . The re-249 quirement for octameri¢ structure also seems unusual; the reaction catalyzed is relatively simple and there is no evidence that the enzyme is subject to allosteric regulation.
BIOLOGICAL ROLE OF CYANASE
Cyanate is toxic at concentrations of about 1 mM in strain SILO0 of E. coil, in which the cyanase operon is deleted, and cyanate cannot be utilized as a sole source of nitrogen in this or similar strains. However, the parent strain JMI01 in which the inducible gene for cyanase and the cyanase operon are present can grow on cyanate as the sole source of nitrogen at concentrations as high as 20 mM [24] . Addition of cyanate to exponentially growing cultures results in immediate growth inhibition followed by return to growth equivalent to the uninhibited rate of growth. The susceptibility of different strains of E. coli to inhibition of growth by cyanate can be quantitated by plotting the length of the lag time in growth as a function of cyanate concentration; extrapolation of the length of lag time to zero lag gives the minimum inhibitory, concentration (MIC) of cyanate for a given strain. Various combinations of cynT and cynS alleles on plasmids have been constructed and used to determine the role of cyanate permease and of cyanase in the inhibi. tion of growth by cyanate; MIC values are given in Table 1 [26] . As expected, SJ100 (A cyn) is more sensitive to cyanate than JM101 (cyn+). SJ100 (pDP3), which contains cynT + and cynS + on a multicopy plasmid, is less sensitive to cyanate than JMI01, indicating that additional copies of the cyn operon incurs increased resistance to SJ100 (pSJ147, pMS421) , which has very high cyanase activity, but which has no permease for cyanate, is only slightly less sensitive to cyanate than SJ100, indicating that cyanase itself is not sufficie,~t for overcoming cyanate toxicity; this obsen,ation also suggests that cyanate toxicity can arise from interactions of cyanate with components located outside the cytoplasmic membrane. In contrast, SJ100 (pSJ131), which contains permease but not cyanase, is extremely sensitive to cyana~e, indicating that uptake of cyanate is deleterious in the absence of a functional cyanase in the cytoplasm to catalyze decomposition of cyanate.
If the function of cyanase is related to detoxification of cyanate, the above observations suggest that the cyn operon may have evolved to include not only a cytoplasmic cyanase for detoxifying cyanate arising from intracellular events, such as decomposition of carbexaoyl phosphate, but also a permease system to remove extracellular cyanate. Evolution of cyanase as a periplasmic enzyme without cyanate permease would be a plausible alternative evolutionary ~cenario. However, the ability to utilize low concentrations of cyanate as a source of nitrogen and the likelihood that cytoplasmic carbamoyl phosphate represents a potential source of toxic cyanate suggest that it may be advantageous to have cyanase in the cytoplasmic space.
Guilloton and Karst [22] have recently shown that inhibition of E. coli by cyanate can be specifically reversed by arginine and have pr<>. vided evidence that inhibition by cyanate is due, at least in part, to specific inhibition of carbamoyl phosphate synthetase (carbamoyl phosphate is the precursor for arginine and pyrimidine nucleotide biosynthesis). Consequently, they have postulated that carbamoyl phosphate synthetase can be regulated by cyanate resulting from the decomposition of carbamoyl phosphate in metabolic circumstances leading to its overproduction. This is an intriguing hypothesis that bears further investigation. CTP synthetase, which catalyzes formation of CTP from UTP in the pyrimidine pathway and like carbamoyl phosphate synthetase is an amidotransferase, is also specifically inactivated by cyanate (Anderson, unpublished) , and inhibition of growth by cyanate may also involve inactivation of CTP synthetase. This could explain the observed inhibition of growth of E. coli in enriched medium by cyanate. Although both arginine and cytidine are present in enriched medium, the very high levels of cellular cytidine deaminase will preclude the availability of cytidine which would be required in the absence of CTP synthetase [40] .
CONCLUSIONS
Establishment of the complete nucleotide sequence of the cyn operon and the closely associated regulatory gene as well as availability of over-expression vectors and deletion mutants for each of the gene products will provide an opportunity to investigate in detail not only the biological role of cyanase, but also a number of important biochemical problems. The latter include the mechanism of positive gene regulation and DNA-protein-inducer interaction, permease function involving anion transport of a toxic compound, and the role of oligomeric structure in enzyme activity. The close association of the cyn operon with the lac operon raises intriguing questions about the evolutionary relationship between the two operons, as well as the biological role of cyanase. The observation that many bacterial species and strains of E. coli do not have the gene for cyanase suggests that the presence of the cyn operon is not essential for growth under normal circumstances. Detoxification of cyanate, mechanism for utilization of environmental cyanate as a source of nitrogen, and mechanism for regulation of carbamoyl phosphate metabolism appear to be possible roles for the presence of a functional cyn operon in E. coll. If it is established that an inducible cyanase functions as part of the metabolic pathway for detoxification of cyanide in Pseudomonas or other species, it will be of importance to determine if the function of the cyn operon in E. coil might be related to these pathways, e.g., perhaps as a synergist with another organism that can produce cyanate from cyanide. 
